The effects of fluctuating light fields on the growth of phytoplankton are not well understood and conclusions in the literature have been equivocal. Most studies have examined responses such as productivity and chlorophyll a content (laboratory culture and field tests) or growth rates (laboratory culture tests). In this study we examined the in situ growth rates of different types of phytoplankton within two natural populations. Comparisons were made between populations grown in a static environment (suspended in a fixed position in the water column) and an equivalent population moving through the water column simulating the mixing of entrained phytoplankton. Growth under fluctuating light fields in this experiment only significantly (P < 0.05) increased the growth of the diatom Skeletonema and decreased the growth of Anabaena circinalis, Microcystis aeruginosa and Scenedesmus sp. All other phytoplankton, including the genera Nitzschia, Fragilaria and Dactylococcopsis, did not have growth rates that were significantly different between static and fluctuating light treatments. A general pattern where diatoms grew best, followed by chlorophytes with the toxicogenic cyanophytes M. aeruginosa and A. circinalis growing least well, was distinguished under fluctuating irradiance. This seems consistent with the common occurrence of these groups of phytoplankton in the natural environment. The cyanophytes Dactylococcopsis and Aphanothece did not follow this pattern, with the former growing better under fluctuating light and the latter exhibiting an unusual growth pattern where growth was higher under lower light intensities.
Such studies have been unable to understand unequivocally the effects of fluctuating light fields on phytoplankton. Some studies have found that phytoplankton exposed to fluctuating light regimes have increased growth compared with those in static tests (Marra, 1978; Walsh and Legendre, 1983; Mallin and Paerl, 1992; Nixdorf et al., 1992; Flameling and Kromkamp, 1997) , while others have found no difference (Gallegos and Platt, 1982; Yoder and Bishop, 1985) , or a decrease in growth (Randall and Day, 1987; Lignell, 1993; Nicklisch, 1998) . More recent studies have found response varied between species or groups of phytoplankton as well as at different average light intensities (Litchman, 2000) . Although a few studies have focused on the effects of fluctuations on the growth rates of cultured phytoplankton under experimental laboratory conditions (Nicklisch, 1998; Litchman, 2000) , to our knowledge no studies have examined the effects of fluctuating light fields on growth rates in situ with natural phytoplankton populations.
Commonly, river phytoplankton are dominated by species that are adapted to mixed water column environments such as diatoms and some chlorophytes, which have low light requirements and fast growth rates (Reynolds, 1994) . These types of phytoplankton do not often dominate in the well mixed freshwater Hawkesbury River at Sackville where the cyanophyte Microcystis aeruginosa dominates for much of the year, with another cyanophyte Anabaena circinalis taking over on occasions (Hawkins and Hassan, 1995; Mitrovic et al., 2000) . These slower growing cyanophytes dominate here despite the mixed water column environment experienced by the phytoplankton community.
In this study we test the hypothesis that growth of diatoms and chlorophytes will be advantaged under fluctuating light conditions relative to the cyanophytes. To do this, the effects of a fluctuating light environment on the in situ growth of several different phytoplankton species common to the Hawkesbury River at Sackville were examined. Growth rates were measured under static positions in the water column and these were compared with growth rates under a fluctuating light environment (mimicking mixing dynamics in the river). From these experiments we also tried to determine if responses to fluctuating light fields may have a bearing on which phytoplankton genera or species dominate.
METHOD Test populations
Phytoplankton from the Hawkesbury River at Sackville, a tidally mixed freshwater river, 3-5 m in depth, near Sydney, NSW, Australia were used (Figure 1 ). The natural phytoplankton population was collected from midstream in the river at ~0.25-0.5 m in depth. This depth was nominal as phytoplankton composition and number in the main stream is uniform vertically through the water column due to tidal mixing (Mitrovic et al., 2001a) . Additionally, a surface water population of phytoplankton was collected from Sooley Dam (~100 km south of Sackville) as similar species were present in this lake. Both populations had a dominance of cyanobacteria with M. aeruginosa, A. circinalis and Aphanothece sp. occurring. Other phytoplankton were also present and these included species of the diatoms Fragilaria, Nitzschia and Skeletonema and the chlorophytes Dactylococcopsis and Scenedemus. All these species have been found to grow in the river throughout most of the year (Mitrovic et al., 2000) . At the time of collection the euphotic depth of the Sackville phytoplankton population was ~2.0 m with a mixing depth of 4.5 m. At Sooley euphotic depth was ~4 m with a mixing depth of 7 m.
The phytoplankton populations within the river and lake were gathered in large containers directly prior to the start of the experiments. The populations were then homogenized by mixing, and placed in 1.25 l clear plastic bottles which were suspended in racks. Larger containers were not used due to physical constraints with the equipment used to simulate fluctuating light fields. The field phytoplankton populations were used at their ambient cell concentrations. Each bottle was nutrient enriched with a mixture of nitrate nitrogen and orthophosphate phosphorus with additions increasing ambient concentrations to greater than 500 µg l -1 and 100 µg l -1 respectively. This was performed to reduce nutrient limitation and previous studies (Mitrovic et al., 2001b) have found that nutrient enrichment enhances the growth of the dominant species in this test.
Zooplankton at Sackville and Sooley are composed primarily of small protozoans and rotifers which feed on bacteria and nanoplankton so should have little grazing impact on the dominant filamentous A. circinalis and colonial M. aeruginosa and larger non-cyanobacterial phytoplankton in these tests. The pH in the test bottles was measured daily to ensure it remained within the normal bounds of the river (6.5-8.5).
Field experiments
The field experiment was performed in a large off-river storage dam near the Hawkesbury River site between May 8 and May 12, 1998. The experiment was not performed in the actual river site due to tidal currents, which hindered operation of the experimental equipment. Light penetration and euphotic depth were determined daily using a Licor LI-185B quantameter coupled to an underwater quantum sensor and reference sensor in air. Measurements of downwelling and upwelling irradiance were recorded at 0.1-m intervals down the water column. Euphotic depth, Z eu , was determined as 1% of I o . The depth at which 90, 70, 50, 25, 10 and 5% surface irradiance penetrated the water column was then calculated and the racks were suspended from buoys at these depths and incubated for 5 days. Racks were suspended to minimize shading. A fluctuating light field treatment was cycled between the water surface and the 5% surface irradiance depth at a rate of 0.4 m min-1 . The vertical movement rates of the cycled samples were similar to that experienced by a natural mixing population (Mallin and Paerl, 1992; Lignell, 1993) . The setup for cycling the samples was a motor and pulley system fixed to a floating pontoon within the dam (also positioned to minimize shading). It primarily consisted of a low voltage DC motor coupled to a pulley system, with the polarity reversed on the motor by means of a physical switch when the required depth was reached. All treatments were performed in triplicate.
Subsamples (200 ml) for algal identification and enumeration were taken initially and at the end of the experiment. Mid-experiment samples (5 ml) were also taken to confirm that effective growth of the populations was occurring. Samples were decanted into 200 ml plastic bottles and stained and preserved with Lugol's Iodine. Samples were stored cool until delivery to the laboratory and subsequent identification (Prescott, 1978; Baker, 1990 ) and enumeration using a calibrated Lund cell and compound microscope after concentration by sedimentation in a measuring cylinder (Hotzel and Croome, 1999) . Dominant non-cyanobacterial phytoplankton were enumerated to a precision of ±20% (Hotzel and Croome, 1999) . Dominant cyanobacteria counts were performed to provide a precision of ±20% for the major taxa (Guillard, 1973) . Growth rates for the different treatments were determined by the equation µ = t -1 ln (N t /N 0 ) where µ = growth rate (day -1 ), t = time (day), N t = final cell concentration (cells ml -1 ) and N 0 = initial cell concentration (cells ml -1 ). Measurements of total daily solar exposure during the experiments (obtained from the Australian Bureau of Meteorology) were used to determine the average daily photosynthetically active radiation (µmol m -2 s -1 ) received at the water surface during the experiment.
Data analysis
The fluctuating light field treatments were circulated between the water surface and 5% of surface irradiance. The geometric mean between 90% surface irradiance and 5% surface irradiance was an irradiance equivalent to a depth of 21% surface irradiance (static). The growth rate (µ) of the phytoplankton in the fluctuating light treatments was compared with phytoplankton grown statically at this light level.
As growth rate at a static light intensity of 21% was not directly measured, an estimate from the static growth rate-irradiance data was necessary. Two estimation methods were used. First, a linear weighted average model (i) which corresponds to drawing a line between the average growth rates at 10 and 25% surface irradiance and interpolating the growth rate at 21% surface irradiance. U x is the growth rate at light intensity x. The value for 21% of surface irradiance was estimated by using a multiple comparisons for weighted averages model.
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Secondly, a curve fit growth model was fitted to the growth rate-irradiance data using least squares and 21% surface irradiance was estimated from the curve. For both estimation methods there was only one estimate for the static 21% surface irradiance growth rate but three measurements for the fluctuating irradiance treatment, making a 2-way ANOVA inappropriate due to the unbalanced design and violation of the homogeneity of variance assumption. Instead, the difference (D = growth rate under fluctuating light regime-growth rate under static light regime) in growth rate between the three fluctuating light samples and the single estimate of growth rate at a static light intensity of 21% for each species has been used as the response variable. Thus negative D
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scores occur when the growth rate was higher under static light conditions while positive scores occur when growth was higher under fluctuating light.
For each estimation method, a one-way ANOVA with species as the factor and D as the response was constructed. Assessing the significance of the constant in the ANOVA model determines if there is a difference in growth rate between fluctuating and static treatments. Significant differences were determined by constructing 95% Scheffe Confidence Intervals for each species/ genera mean difference. Scheffes was used as it is the most powerful adjustment available for unequal sample sizes and because it accounts for both the pairwise multiple comparisons as well as the 95% confidence intervals (Kleinbaum et al., 1998) . The homogeneity of variance assumption was assessed using Bartlett's 2 test. The errors were assessed for normality, random distribution about mean, and heteroscedasity. There was also no indication that any samples exerted an undue influence on the ANOVA model.
R E S U LT S
The euphotic depth (Z eu ) during the experiment was 2.1 m. The average daily surface irradiance over the experiment was 639 µmol m-2 s-1 . Figure 2 is a graphical representation of the mean growth rates and 95% confidence intervals for the static treatment minus the fluctuating treatment by linear weighted average estimates. Figure 3 shows the estimates derived from the fitted curve to the growth rate-irradiance data and Figure 4 shows some of the growth rate-irradiance curves for the phytoplankton. For both models (Figures 2 and 3 ) species that have a mean greater than zero (e.g. Skeletonema) indicate increased growth under fluctuating irradiance relative to static irradiance. Species that have a mean lower than zero (e.g. Anabaena) indicate decreased growth under fluctuating irradiance relative to static irradiance. Where the mean is near zero, there is no difference between static and fluctuating light treatments.
Only the diatom Skeletonema had growth rates under fluctuating light fields that significantly (P < 0.05) increased for both the linear and curve-fitted models. Although no other phytoplankton exposed to fluctuating light fields were found to record growth significantly higher (P = 0.05) than the static population, Dactylococcopsis and Fragillaria (linear model only) both had mean growth rates that were higher than the static treatment and higher than other phytoplankton. The diatoms from Sackville and Sooley as an amalgamated group had a mean growth rate that was similar to the static (not significantly different, P > 0.05). The diatom Nitzschia displayed The cyanophyte Aphanothece sp. was subdominant in the Sackville River phytoplankton populations examined. Growth of Aphanothece sp. did not follow the typical hyperbolic pattern for a growth-light curve. Instead the highest growth response was recorded for the lower irradiance treatments and this is shown in Figure 5 as cell numbers for each of the light treatments. Only the 75, 10 and 5% treatments grew significantly more than the initial population (P < 0.05). However, the 10 and 5% irradiance exposure grew most. The fluctuating light treatment was only significantly (P < 0.05) lower than the 5 and 10% irradiance exposure and not significantly different (P = 0.05) from any other exposures. No significant effect was found under a fluctuating light environment.
D I S C U S S I O N
Several studies have examined the growth rates of phytoplankton under fluctuating light in the laboratory, with results yielding a variety of responses. Gibson (Gibson, 1985) found an increase in growth for Oscillatoria spp. and Aphanizomenon sp., while Nicklisch (Nicklisch, 1998) found a decrease in growth rate for a range of species, although the amount of decrease varied between groups. Cosper (Cosper, 1982) found little difference between growth rates under fluctuating and static light regimes. Litchman (Litchman, 2000) found a mixture of results for four test species. Under fluctuating light fields, growth of the diatom Skeletonema was found to increase, while the cyanophytes A. circinalis and M. aeruginosa decreased as did the chlorophyte Scenedesmus. All other phytoplankton did not grow significantly differently between static and fluctuating light treatments. Laboratory studies have also found results that suggest responses to fluctuating light fields may be species specific (Gibson, 1985; Nicklisch, 1998; Litchman, 2000) .
Although only a few species were found to have a significantly different growth rate under fluctuating light fields a pattern is apparent in the data. The diatoms appear to respond better to fluctuating light fields than the chlorophytes. The cyanophytes M. aeruginosa and A. circinalis appear to respond the least favourably to fluctuating light fields. Nicklisch (Nicklisch, 1998) found all the phytoplankton groups decreased in growth under fluctuating irradiances compared with static irradiance but the degree of reduction in growth rate varied between groups of phytoplankton. Diatoms decreased by 15-20%, chlorophytes by 20-25% and cyanophytes by 35-40%, resembling the pattern in our present study. This decrease was lowered by slowing down the periodicity of the fluctuations. Litchman (Litchman, 2000) suggests a similar pattern was occurring at lower average light intensity, with the growth rate of the diatom Nitzschia sp. slightly increased while the cyanobacterium Phormidium and the green alga Sphaerocystis were reduced under fluctuating light. Under higher (near inhibiting) irradiances no significant effect was observed for Nitzschia or Sphaerocystis, while the two cyanophytes Anabaena flos-aquae and Phormidium luridum were slightly increased under the fluctuating treatment relative to constant light.
Both results from Nicklisch (Nicklisch, 1998) and our study tend to fit in well with observations of how phytoplankton groups occur in nature in response to water column mixing conditions and how this affects the light fields they are exposed to (Steinberg and Hartman, 1988; Reynolds, 1994) . It is not inconceivable that the differing effect of fluctuating light on different species may play a role in determining the community composition of phytoplankton populations in rivers and lakes, along with other chemical, biological and physical forces (Litchman, 2000) . The periodicity of fluctuations depends not only on the rate at which phytoplankton are mixed within the water column but also on the ratio of the Z eu to Z mix . In the Hawkesbury River at Sackville phytoplankton move relatively quickly through a light gradient, with Z eu usually approximating 2 m and a mixing depth of 4-5 m (Mitrovic et al., 2000) . Similarly, the population collected from Sooley were in a region where phytoplankton would spend ~50% of the time in the euphotic zone. As these are similar conditions to the off-river storage dam with Z eu = 2.1 m, it is unlikely that large effects from light acclimatization to previous light history would affect the phytoplankton community.
In our study diatoms tended to benefit most from fluctuating irradiance with the mean growth rates under fluctuating irradiance greater than under static irradiance for Skeletonema (significantly) and Fragillaria spp.
Other phytoplankton in the study (excepting the cyanophyte Dactylococcopsis) did not have growth rates that were higher for fluctuating irradiance. Diatoms tend to dominate under well-mixed conditions where the plankton cells are mixed through the water column in fast frequency (Reynolds, 1994) and, in general, diatoms are more flexible than other phytoplankton in the timing of division and can divide more during the light period (Cosper, 1982) . Division during the dark period is increased under fluctuating light regimes relative to constant light and uncoupling photosynthesis from other growth processes is of importance in maintaining high growth rates under high or fluctuating light. Some investigators have found a tendency for diatoms to be more readily photoinhibited than other taxa (Platt et al., 1980) . Fluctuating light conditions may mean the alga does not spend long periods of time at inhibiting irradiances which will lead to the same or increased growth compared with static incubations.
The chlorophyte (Scenedesmus protuberans) has been found to do well under fluctuating irradiance conditions and it has been suggested that this corresponds well with the observed dominance of the alga under conditions of strong vertical mixing (Flameling and Kromkamp, 1997) . Litchman (Litchman, 2000) instead found Scenedesmus growth under fluctuating light was more similar to the cyanophytes as found in our present study. Cyanophytes usually tend to dominate under more static conditions, such as under periods of low river flow and stratification (Hotzel and Croome, 1994; Sherman et al., 1998) , and this is consistent with our observation that Anabaena and to a lesser extent Microcystis respond negatively to fluctuating light fields. Nicklisch and Kohl (Nicklisch and Kohl, 1989) suggest that cyanobacteria may respond poorly under fluctuating light regimes in laboratory tests when contrasted to chlorophytes or diatoms. Visser et al. (Visser et al., 1995) suggest Microcystis sp. may not be able to increase quickly their maximum photosynthetic rate in response to fluctuating light but this will depend on acclimation time. This may be a reason why growth of the cyanophytes was lowered under fluctuating light. Results from this study suggest that compared with other phytoplankton, both M. aeruginosa and A. circinalis should be disadvantaged when growing in the Hawkesbury River.
Commonly, in slower flowing river systems (such as within thermally stratified rivers), phytoplankton able to regulate buoyancy and maintain position within surface waters may be subjected to a more static light environment. This is so for the cyanophyte A. circinalis which dominates under such conditions in many rivers in Australia (Hotzel and Croome, 1994; Sherman et al., 1998) . It has been suggested that the chlorophyte Scenedesmus will out-compete Microcystis under fluctuating light regimes, underlining the importance of buoyancy regulation in increasing the daily light dose of cyanobacteria (Ibelings et al., 1994) . The effects of fluctuating light environments (as opposed to more static ones) on the cyanobacteria and between cyanobacteria and other phytoplankton groups is not well understood (Ibelings et al., 1994) . A greater understanding of this topic may improve theories describing dominance between cyanobacteria and species dominance in general. Our results suggest that A. circinalis may grow less well than M. aeruginosa under a fluctuating light environment and this may have a bearing on which species dominates under mixed water column conditions. This is consistent with the observed dominance of M. aeruginosa at most times in the Hawkesbury River, with only occasional switches to A. circinalis dominance. Supporting this, in Australia Anabaena almost always dominates the cyanobacteria in thermally stratified rivers where the periodicity of light fluctuations is minimized due to the stable water column (Sherman et al., 1998; Mitrovic et al., 2003) whilst Microcystis rarely occurs in large numbers in such environments.
Other factors may contribute to the inability to resolve the effects of fluctuating light fields on phytoplankton productivity, including increased photoinhibition from exposure to high-level irradiance in static tests (Marra, 1978; Elser and Kimmel, 1985) . It is argued that free floating cells (as in a mixed environment) will not stay long enough at inhibiting irradiance levels to become photoinhibited (Lignell, 1993) . Litchman (Litchman, 2000) suggests that photoinhibition may be reduced by exposure to fluctuating light fields. Reasons for greater photoinhibition effects under static light regimes include increased respiration rates and increased allocation of resources to cell protection under the high irradiances (Marra, 1978) . Photoinhibition causing reduced productivity is important in measurements of photosynthesis but will not be necessarily translated into reduced growth. Fluctuating light fields may also lead to a reduction in photoinhibition and hence should not negatively affect growth. Supporting this, Nixdorf et al. (Nixdorf et al., 1992) found that in cycled bottles net oxygen production was increased up to 3-fold that of bottles incubated in a static position. The present experiment was performed during clear weather in autumn and thus represented moderate Australian irradiance levels, with a daily surface average of 690 µmol m -2 s -1 which is still considerable by European standards. An experiment performed during summer may be subject to greater photoinhibition effects. Surface static treatments of all phytoplankton were only moderately or not at all photoinhibited (Figure 4 more relevant to areas of high irradiance and/or long day length where photoinhibition may be more likely. However, as previously stated, reduced photoinhibition may not be translated into increased growth. Under mixed water column conditions phytoplankton are assumed to avoid photoinhibition as they do not spend long periods of time (a few minutes) at high photoinhibitive irradiances (Harris, 1986; Ibelings et al., 1994) . However, if the turbulence is not great enough, or if a secondary thermocline forms and traps phytoplankton for longer periods towards the surface, there may be some scope for photoinhibition. Microstratification in the near surface layer largely determines the depth to which phytoplankton are circulated and predominantly controls photosynthesis (Ibelings et al., 1991) . The well-mixed conditions in the Hawkesbury River at Sackville are unlikely to allow entrainment of phytoplankton in lightlimited areas of the water column for long periods (hours). Areas of lessened mixing (dead zones) do exist, mainly around bends where phytoplankton can accumulate and utilize buoyancy to stay in surface waters for longer periods of time (Mitrovic et al., 2001a) . However, these are only a small percentage of the overall area of the river. Mixing (Harding et al., 1987) and circular mixing motion (Gervais et al., 1997) have also been thought to increase the amount of light phytoplankton are exposed to, and thus may cause growth differences between phytoplankton growth at static and fluctuating light exposures.
A possible reason why the conclusions in the available literature on phytoplankton response to fluctuating light fields are equivocal may be that most studies examine the effect of fluctuating light fields on phytoplankton production or chlorophyll content (Marra, 1978; Gallegos and Platt, 1982; Walsh and Legendre, 1983; Yoder and Bishop, 1985; Randall and Day, 1987; Mallin and Paerl, 1992; Lignell, 1993) . These studies rely on methods that measure the sum response of the amalgamation of all different phytoplankton species in the population. If the response is species or genera specific (as our data suggests), results will be the sum response of all individuals and will be swayed by how the dominant species in the community are affected. Results that are species or genera specific give a more detailed understanding of how the individual phytoplankton respond to fluctuating irradiance.
The growth of the cyanophyte Aphanothece sp. from the Sackville phytoplankton populations examined did not follow the typical hyperbolic pattern for a growth-light curve. The highest growth response was recorded for the lower irradiance treatments and growth was reduced at higher irradiances. It is not clear why Aphanothece behaved so differently to the other phytoplankton from both populations. It seems unlikely that the growth pattern is a result of acclimation to low light intensities as all phytoplankton from Sackville were exposed to the same light environment due to the mixed water column of the river. The pattern may reveal a preference for low light environments by Aphanothece species. No literature showing growth characteristics of Aphanothece under differing light conditions could be found to compare with our findings. Fluctuating light conditions did not affect the growth of Aphanothece greatly, unlike the growth response at 10 and 5% surface irradiance.
C O N C LU S I O N
The effects of fluctuating light fields on the growth of phytoplankton is not well understood and conclusions in the literature have been equivocal. Growth under fluctuating light fields in this experiment only significantly (P < 0.05) increased the growth of the diatom Skeletonema and decreased the growth of A. circinalis, M. aeruginosa and Scenedesmus sp. All other phytoplankton, including the genera Nitzschia, Fragilaria and Dactylococcopsis did not have growth rates that were significantly different between static and fluctuating light treatments. A general pattern where diatoms grew best, followed by chlorophytes with the toxicogenic cyanophytes M. aeruginosa and A. circinalis growing least well was distinguished under fluctuating irradiance. the design and analysis of the study by Drs G. J. Jones, P. R. Hawkins and D. M. H. Cheng are also appreciated as is the field and laboratory assistance of Doug Westhorpe and Jon Holiday. Thanks to the Australian Bureau of Meteorology for surface irradiance data.
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